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Wormholes are hypothetical shortcuts in spacetime that in General Relativity unavoidably violate
all of the pointwise energy conditions. In this paper, we consider several wormhole spacetimes that,
as opposed to the standard designer procedure frequently employed in the literature, arise directly
from gravitational actions including additional terms resulting from contractions of the Ricci tensor
with the metric, and which are formulated assuming independence between metric and connection
(Palatini approach). We reinterpret such wormhole solutions under the prism of General Relativity
and study the matter sources that thread them. We discuss the size of violation of the energy
conditions in different cases, and how this is related to the same spacetimes when viewed from the
modified gravity side.
PACS numbers: 04.20.Jb, 04.40.Nr, 04.50.Kd, 04.70.Bw
I. INTRODUCTION
There exist numerous exact solutions of the Einstein
field equations in which the physical relevance is not al-
ways clear and, consequently, are often regarded as exotic
[1]. For instance, a well known example is the static and
spherically symmetric Schwarzschild solution, where the
importance of this geometry was not fully understood
until the observational discovery of very compact objects
such as neutron stars. In the 1960s, the Schwarzschild
solution began to be considered seriously not only as an
approximate description of the exterior geometry of (non-
rotating) stars but also as the final outcome of gravita-
tional collapse [2]. Nowadays, black holes are a hot topic
of research, such as the sources of gravitational waves [3],
and are no longer regarded as exotic solutions.
Wormholes are also regarded as an exotic family of
solutions of Einstein’s equations [4–6], and have been ex-
tensively analyzed for a number of reasons. From a quan-
tum gravitational perspective, they are seen as a natu-
ral consequence if the topology of spacetime fluctuates
in time [7]. Recently, a new connection between spe-
cific types of (non-traversable) wormholes [8] and quan-
tum systems was introduced with relevant implications in
high energy physics [9]. From an astrophysical and cos-
mological viewpoint, the late-time cosmic speedup [10]
suggests that the source driving the expansion [11] could
be compatible with the kind of matter necessary to gener-
ate traversable wormholes. In fact, several cosmological
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models with exotic sources supporting wormholes have
been proposed, including phantom energy [12], Chaply-
gin gas [13] or its generalizations [14]. This has led many
researchers to explore the astrophysical consequences and
characterization of macroscopic wormholes [15].
In the context of General Relativity (GR) wormhole
spacetimes are specifically designed, where Einstein’s
equations are solved in a reversed manner. This means
that a suitable well behaved geometry is defined a priori
and the matter sources that generate it are derived a pos-
teriori. The outstanding feature was the requirement of
exotic matter, defined as matter that violates the null en-
ergy condition, i.e., Tµνk
µkν < 0, where Tµν is the stress-
energy tensor and kµ is any null vector [4, 5, 16]. Al-
though exotic matter is considered classically non-viable,
there are experimental evidences of such energy condi-
tions violations in several systems where quantum effects
such as the Casimir effect, Hawking evaporation or vac-
uum polarization take place [5, 17]. Therefore, since the
existence of exotic matter is classically a problematic is-
sue, it is particularly important to find solutions which
minimize the violation of the energy conditions. In fact,
the amount of violation can be made infinitesimally small
by choosing the geometry of the wormhole in a very spe-
cific and appropriate way [18]. The thin-shell formalism
is another approach to minimize the exotic matter, as the
latter is now localized on the thin-shell [19, 20].
However, in the context of modified gravity, it was
shown explicitly that the matter threading the worm-
hole throat may, in principle, satisfy all of the energy
conditions, and it is the higher order curvature terms,
interpreted as a gravitational fluid, that support the
wormhole geometry [21]. In fact, a plethora of worm-
hole solutions beyond GR have been found in a va-
riety of theories, such as in conformal Weyl gravity
2[22], Kaluza-Klein [23], Brans-Dicke [24], Gauss-Bonnet
[25], Lovelock [26], braneworlds [27], Hor˘ava-Lifshitz [28],
Eddington-inspired Born-Infeld [29], the metric [30] and
Palatini [31, 32] approaches of f(R) gravity and ex-
tensions [33], modified teleparalellism framework [34] or
Einstein-Cartan theory [35], amongst others.
The purpose of this work is to consider specific worm-
hole solutions that can be obtained in gravitational the-
ories formulated in the Palatini approach, and interpret
them from the prism of standard GR. This means that
considering specific wormhole solutions, and taking into
account the modified Einstein’s equation, it is then pos-
sible to interpret its associated effective stress-energy
tensor from a standard perspective and determine if it
violates the generalized energy conditions [21]. In this
sense, the relevance and novelty of this work lies in the
fact that the wormhole solutions considered here do not
arise as a result of the reversed philosophy procedure,
where the space-time geometry is given first and then
the Einstein’s equations are driven back to find the mat-
ter source threading such a geometry, but instead flows
from the resolution of the modified Einstein’s equations
associated to a well-defined gravitational actions without
ghosts (see Sec. IV and V below). More specifically, a
thorough analysis of the specific solutions dictates that
these wormhole solutions are inherent in the Palatini the-
ories considered in this work. Thus this approach allows
one to study wormhole geometries in less artificial scenar-
ios and to investigate such geometries from the GR point
of view in relation to violation of the energy conditions.
The paper is organized as follows. We begin by in-
troducing the basics of Palatini theories in Sec. II. In
Sec. III, we briefly review wormholes physics in GR. In
Sec. IV, we present specific Palatini wormholes, namely,
wormholes obtained in Born-Infeld gravity formulated in
the Palatini approach, and discuss them under the prism
of GR, identifying the matter source threading the worm-
hole and discussing the violation of the energy conditions.
In Sec. V, this analysis is extended to wormholes ob-
tained in the context of f(R) gravities, and we conclude
in Sec. VI with a summary and discussion.
II. PALATINI THEORIES OF GRAVITY
The wormhole solutions studied here have been found
in theories of gravity formulated a` la Palatini, where one
assumes that the metric and the connection are indepen-
dent geometric entities. In four spacetime dimensions,
an affine connection Γλµν may have up to 64 indepen-
dent components. Its antisymmetric part is known as
the torsion tensor Sλµν = (Γ
λ
µν − Γλνµ)/2, which repre-
sents 24 degrees of freedom, while its symmetric part
Cλµν = (Γ
λ
µν+Γ
λ
νµ)/2 represents the remaining 40 degrees
of freedom. When a metric is considered, the nonmetric-
ity tensor Qαµν = ∇Γαgµν can be used together with the
torsion and the metric to fully determine the symmetric
part of the connection as
Cλµν = L
λ
µν + g
λαgρνS
ρ
µα + g
λαgρµS
ρ
να
+
gλα
2
(Qµαν +Qναµ −Qαµν) , (1)
where Lλµν represents the Levi-Civita connection of the
metric, namely
Lλµν =
gλα
2
(∂µgαν + ∂νgαµ − ∂αgµν) . (2)
We note that most of the literature on metric-affine grav-
ity has focused on Einstein-Cartan spaces (with torsion
but no nonmetricity [36]). Here, we consider torsion-
less scenarios with nonmetricity, which naturally arises
when one considers gravity Lagrangians beyond GR. For
simplicity, we will assume that the matter action only
depends on the metric, which is compatible with the ex-
perimental evidence supporting the Einstein Equivalence
Principle [37]. Note, however, that the matter action
could depend on the connection in regimes not yet ex-
plored experimentally. In fact, since the coupling be-
tween fermions and gravity is mediated by the torsion
[38], this possibility should be considered at some stage.
Here, we follow a conservative approach in this respect
and will restrict ourselves to spinless matter fields.
A. f(R) theories
Consider extensions of Einstein’s theory in the f(R)
Palatini approach, where we will omit details about the
derivation of the field equations, as they are available
in the literature [39]. The variation with respect to the
metric and the connection lead to
fRRµν(Γ)− f
2
gµν = κ
2Tµν , (3)
∇α
[√−gfRgµν] = 0 , (4)
respectively, where fR ≡ df/dR, while Tµν is the stress-
energy tensor of the matter, which is assumed to couple
minimally to gravity. Tracing the first of these equations
with the metric gµν one obtains: RfR − 2f = κ2T . This
is an algebraic equation that relates R with the trace of
the matter stress-energy tensor, T . In the case of GR,
that relation is linear, R = −κ2T , but for nonlinear La-
grangians the relation will be, in general, nonlinear. In
any case, note that R can be written as R = R(T ), im-
plying that any function of R will be a function of T . As
a result, the connection equation (4) can be seen as alge-
braic and linear for Γαµν because the R dependences can
be traded by functions of T . One thus finds that intro-
ducing an auxiliary metric, hµν = fRgµν , Eq. (4) turns
into ∇α
[√−hhµν] = 0. This equation is equivalent to
∇αhµν = 0, whose solution is the well known Levi-Civita
connection of hµν
Γλµν =
hλα
2
(∂µhαν + ∂νhαµ − ∂αhµν) . (5)
3By writing explicitly the dependence on gµν in this equa-
tion, one obtains the result advanced in Eq. (1) with
Qαµν = ∇Γαgµν = −(∂α ln fR)gµν . The metric field equa-
tions can then be written in compact form as
Rµν(h) =
1
f2R
(
f
2
δµν + κ
2T µν
)
, (6)
where Rµν(h) = h
µαRαν(h) and Rαν(h) ≡ Rαν(Γ). Note
that the R−dependent functions on the right-hand side
of this equation are functions of the matter via the trace
T . With these equations, one could solve for hµν once
the matter sources are specified and then use the relation
hµν = fRgµν to obtain gµν . This strategy, however, is not
always straightforward. One could thus opt in writing
Rµν(h) in terms of R
µ
ν(g) and get a set of equations
directly referred to gµν . Thus, Eq. (6) turns into
Gµν(g) = κ
2τµν , (7)
where the modified (effective) stress-energy tensor, τµν ,
is defined as
κ2τµν =
κ2
fR
Tµν − RfR − f
2fR
gµν
− 3
2f2R
[
∂µfR∂νfR − 1
2
gµν(∂fR)
2
]
+
1
fR
[∇µ∇νfR − gµνfR] . (8)
Written in this form, these equations can be interpreted
as in Einstein’s theory but with the right-hand side of Eq.
(7) containing the stress-energy tensor Tµν plus other
functions which depend on the trace of the matter via
R(T ). It is precisely this form of the equations that we
will use to reinterpret f(R) wormhole solutions as solu-
tions of Einstein’s theory with a modified matter source.
In other words, it is important to bear in mind that the
modified stress-energy tensor τµν contains extra contri-
butions which are just functions of the matter.
B. Beyond the f(R) case
It has been recently established [40] that Palatini the-
ories in which the gravity Lagrangian is a function of the
Ricci tensor and the metric, LG = f [gαβ, Rµν(Γ)], lead
to field equations of the form
Rµν(h) =
κ2
|Ωˆ|1/2 (LGδ
µ
ν + T
µ
ν) , (9)
where |Ωˆ| represents the determinant of a matrix which
relates the physical metric gµν and an auxiliary metric
hµν which is compatible with the affine connection that
defines the Ricci tensor. In other words, hµν = Ωµ
αgαν
and ∇Γαhµν = 0.
In these theories, the nonmetricity tensor takes the
form Qαµν = gρν(∇αΩ−1µλ)Ωλρ (symmetrized over µ
and ν), where Ωµ
α is a function of Tµν . In the f(R)
case, one has that Ωµ
α = fRδ
α
µ (conformal transforma-
tion), which leads to a simple nonmetricity tensor. In
general, however, the relation between the metrics is not
conformal and a clean representation of the field equa-
tions in terms of gµν is not immediate. For this rea-
son, Eq. (9) is typically preferred. Nonetheless, for the
spherically symmetric scenarios that will be considered
here, the Einstein tensor Gµν(g) can always be computed
straightforwardly, which facilitates the interpretation of
the solutions in terms of an effective τµν in much the
same way as in f(R) theories.
As the field equations can be written in Einstein’s-like
form (7), a given space-time (wormhole or not) can be
interpreted as a solution of an (in principle) infinitely
degenerate family of theories of gravity. Here, we will
show that these wormhole solutions are not designed, but
follow directly from well motivated actions. This could
shed light on obtaining analytic wormhole solutions and
on the kind of energy sources that can generate them in
the context of GR. The reinterpretation of these worm-
hole solutions from the prism of GR might be useful to
understand their properties from a more standard per-
spective. To proceed, we review wormholes physics in
next section.
III. GENERAL THEORY OF WORMHOLES
In 1955, John Wheeler introduced the term geon to de-
note a hypothetical gravitational-electromagnetic object
with a nontrivial topological structure [7], and later with
Misner [41] coined such a construction a wormhole. These
concepts extended the very first calculations tracing back
to the Einstein and Rosen bridge [8]. But it was the semi-
nal work of Morris and Thorne [4] in 1988 which gave rise
to the great interest on traversable Lorentzian wormholes
which continues today. In this section, such concepts will
be introduced, and the transition from wormholes in GR
to those in metric-affine geometries will become clear.
A. Wormhole geometry
Lorentzian wormholes are nontrivial topological struc-
tures connecting two asymptotically flat regions, either in
the same universe, or in different ones. The geometry of
a static and spherically symmetric traversable wormhole
spacetime can be written as [4, 5]
ds2 = −e2Φ(r)dt2 + 1
1− b(r)/r dr
2 + r2dΩ2 , (10)
where (t, r, θ, φ) are the standard Schwarzschild coordi-
nates, and dΩ2 = dθ2 + sin2 θdϕ2 denotes the spherical
sector. Φ(r) is called the redshift function because it
is related to the gravitational redshift, and b(r) is de-
noted the shape function as it determines the shape of
4the wormhole [4]. In order to describe the wormhole so-
lution, the radial coordinate possesses a minimum at r0,
which defines the wormhole throat. The latter connects
two asymptotically flat regions and it is defined, for static
configurations, as a surface of minimum area that satisfies
the flaring-out condition, which can be obtained from the
embedding calculations for the wormhole geometry and
reads [b(r) − b′(r)r]/b2(r) > 0. One thus deduces that
b′(r0) < 1 must hold, since at the throat b(r0) = r0 is
imposed.
The functions Φ(r) and b(r) fulfil further properties in
order to describe a wormhole spacetime. The asymptoti-
cally flat limit imposes that b(r)/r → 0, as r →∞. More-
over, for the wormhole to be traversable there should be
no event horizons so that Φ(r) must be finite everywhere.
Note that it is straightforward to define the mass of the
wormhole as the finite limit for the function b(r). By
comparison with the Schwarzschild geometry, an observer
from spatial infinity sees that b = 2GNM .
The line element of a wormhole geometry can be alter-
natively written as
ds2 = −e2Φ(x)dt2 + dx2 + r2(x)dΩ2 , (11)
where the radial coordinate x is interpreted as the proper
distance from the throat, located at x = 0, and related
to r by dx/dr = ±1/
√
1− b(r)/r. The advantage of
this new set of coordinates lies in that it allows one to
describe the wormhole geometry by using a unique chart
with x ∈ (−∞,+∞). In terms of x, then it is clear that
the area of the spherical surfaces never drops below 4πr20 .
A useful way to construct wormhole spacetimes resides
in the cut-and-paste procedure, which is a mathemati-
cal construction where two spacetimes are matched at
a given junction interface. If this hypersurface contains
non-zero surface stresses it is called a thin-shell, other-
wise it is just a boundary surface. Following the standard
junction-condition formalism [42], one cuts and pastes
two manifolds to form a geodesically complete one with
the throat located at the joining shell, where the exotic
matter is located [19, 20]. Beyond GR, the junction for-
malism requires to be generalized for the specific theory
of gravity under consideration, for example, such as in
metric f(R) gravity [43].
At this point we would like to point out a special fea-
ture of the thin-shell structure. It is well known that thin-
shell wormholes are geometric constructions that turn
out to be geodesically complete although the Riemann
tensor is divergent at the thin-shell where the throat is
located [44]. Thus, the spacetime curvature becomes di-
vergent at the non-null hypersurface layer, however, this
divergence is physically interpreted as a surface layer with
a stress-energy tensor on it. Therefore, the existence of
curvature divergences at the wormhole throat should not
be surprising at all, and this does not necessarily en-
tail the presence of spacetime singularities. Note, in this
sense, that we are using the term singularity in a way
that transcends the notion of divergence. A spacetime
is said to be singular when it is geodesically incomplete
[45, 46], regardless of the existence or not of curvature
divergences. Thus, these terms will not be interchange-
able in our discussion. In fact, thin-shell wormholes are
examples of spacetimes which are geodesically complete
(hence nonsingular) but which, by construction, contain
curvature divergences.
B. Energy conditions
Since the foundation of GR, a number of standard en-
ergy conditions [5], which are assumptions about the
energy-matter content representing physically realistic
situations found in Nature, have been thoroughly stud-
ied and classified in the literature. Assuming a diagonal
stress-energy tensor of the form
T µν = diag(−ρ, p1, p2, p3) , (12)
these conditions read:
• The weak energy condition (WEC) states that the
energy density measured by an arbitrary observer
must be non-negative, ρ ≥ 0 and ρ+ pi > 0.
• The strong energy condition (SEC) asserts that
gravity is attractive, ρ+
∑
pi ≥ 0 and ρ+ pi ≥ 0.
Note that this condition is violated in many current
models of accelerated cosmic expansion as well as
in inflationary models.
• The dominant energy condition (DEC) expresses
that the energy density measured by any observer
is positive but also that its flux propagates in a
causal way (i.e., it is null or timelike) so that ρ ≥ 0
and ρ ≥ |pi|.
• The null energy condition (NEC) implies that ρ +
pi ≥ 0, i = 1, 2, 3.
Since WEC or SEC ⇒ NEC and DEC ⇒ WEC ⇒
NEC, all energy conditions are automatically violated
if the NEC is not satisfied. In particular, due to the
flaring-out condition, wormhole spacetimes violate the
NEC at the throat itself, and consequently violate all of
the above pointwise energy conditions. Quantum effects
can also produce violations of the classical energy condi-
tions, which in order to support microscopic wormholes
must typically be of order ∼ ~. It is worth mentioning
that there exist averaged versions of the energy condi-
tions since quantum violations are probably not allowed
globally (see [5] for more details).
Note that the energy conditions in GR can be traced
back to the Raychaudhuri equation, where it is straight-
forward to determine that the attractive nature of gravity
is represented by the condition that the Ricci tensor ful-
fils Rµνk
µkν ≥ 0 for any null vector kµ. This condition
ensures the focusing of the geodesic congruence, which in
turn can be written, via Einstein’s field equations, as a
condition over the stress-energy tensor Tµνk
µkν ≥ 0 [47].
5On the contrary, the wormhole structure requires that
the null geodesic congruence must be defocused at the
throat in order for geodesic completeness to hold. This
is precisely the physical meaning encoded in the flaring-
out condition.
In extended theories of gravity, it is possible to ex-
press the gravitational field equations as in Eq. (7)
where the effective stress-energy tensor τµν includes all
new theory-dependent terms as well as the corresponding
stress-energy tensor of the matter [48]. Thus, if one has
repulsive gravity Rµνk
µkν < 0, this implies τµνk
µkν < 0,
but the matter stress-energy tensor can, in principle, be
imposed to obey the energy conditions, or more specifi-
cally, in this case the NEC, i.e., Tµνk
µkν ≥ 0. Thus, in
the context of modified gravity it has been shown that
wormhole geometries are in fact supported by the effec-
tive stress-energy tensor, which actually plays the role of
exotic matter and violates the energy conditions, while
the physical matter satisfies them [21].
IV. WORMHOLES IN BORN-INFELD AND
QUADRATIC PALATINI GRAVITY
We will now study a family of wormholes which arises
as an exact solution of an extension of GR containing
quadratic curvature scalar and Ricci-squared terms [49],
and also of Born-Infeld gravity [50], a theory that has
attracted a good deal of attention in astrophysics and
cosmology in the last few years [51] (see [52] for a recent
review). Quadratic extensions of GR are supported by
the quantization of fields in curved spacetimes [53], by
unifying approaches to quantum gravity [54], from effec-
tive Lagrangians methods [55]. They are also employed
as phenomenological tools to address issues like singular-
ities, early cosmology, astrophysics, and alternatives to
the dark matter/energy paradigm [see e.g. [56] for some
reviews].
The action of Born-Infeld gravity reads
S =
1
κ2ǫ
∫
d4x
[√
−|gµν + ǫRµν(Γ)| − λ
√
−|gµν |
]
+Sm[gµν , ψ] , (13)
where a vertical bar denotes a determinant, ǫ = −2l2ǫ is a
small parameter with dimensions of length squared and
assumed to be negative (l2ǫ > 0), the choice of the con-
stant λ = 1 sets an asymptotically flat spacetime and Sm
is the matter action. The required smallness of the length
squared scale ǫ comes from a number of sources, includ-
ing compatibility with solar systems experiments [37],
physics of neutron stars [57, 58] or binary pulsars [58].
A series expansion of the action (13) in the parameter ǫ
recovers GR with a cosmological constant term to lead-
ing order, and a quadratic Lagrangian αR2 + βRµνR
µν
at next-to-leading order.
In Sec. III, we presented the equations that theories
like this Born-Infeld model satisfy [see Eq. (9)]. For static
and spherically symmetric scenarios, the metric and the
deformation matrix Ωµ
α are diagonal, and exact solu-
tions for electrovacuum configurations can be found an-
alytically (see Refs. [49, 50] for details). In such con-
figurations, the stress-energy tensor acquires a specific
algebraic structure, namely,
T µν =
(
T+Iˆ2×2 Oˆ
Oˆ T−Iˆ2×2
)
. (14)
Here we will use those solutions to interpret them from
the prism of GR, i.e., using them we compute their asso-
ciated Einstein tensor and interpret their corresponding
right-hand side as an effective stress-energy tensor. The
properties of the latter will be discussed.
A. Wormhole geometry
The line element for these electrically charged objects
(i.e. described by a standard electrostatic Maxwell field,
∇µFµν = 0, with the only non-vanishing component be-
ing F tx) has been derived in [50] and takes the form
ds2 = −A(x)dt2 + 1
A(x)Ω2+
dx2 + (rcz)
2(x)dΩ2 , (15)
with the following definitions: z ≡ r/rc is a dimen-
sionless radial function with rc =
√
rqlǫ, and r
2
q =
2GNq
2 is a charge scale (where q is the electric charge
that emerges from integration of Maxwell equations, i.e.,
F tx = q/(r2
√−gttgrr)) parametrizing the solutions, the
objects Ω± = 1± 1/z4. The function A(x) is given by
A(x) =
1
Ω+
[
1− (1 + δ1G(z))
δ2zΩ
1/2
−
]
, (16)
and the two constants parameterizing the metric are
δ1 =
1
2rS
√
r3q
lǫ
, δ2 =
rc
rS
, (17)
where rS = 2GNM0 is the Schwarzschild radius.
Finally, the function G(z), which satisfies the equation
dG
dz
=
Ω+
z2Ω
1/2
−
, (18)
can be analytically integrated and expressed as an infinite
power series of the form
G(z) = − 1
δc
+
1
2
√
z4 − 1 [f3/4(z) + f7/4(z)] , (19)
where fλ(z) = 2F1[
1
2 , λ,
3
2 , 1 − z4] is a hypergeometric
function, and δc ≈ 0.572069 is an integration constant
necessary to get the correct asymptotic behavior of GR.
Since the radial function r(x) in Eq. (15) is defined by
x2 = Ω−r2 → dx
dz
= ± Ω+
Ω
1/2
−
, (20)
6we will be interested in analyzing the behaviour in two
particular limits: far from (z ≫ 1) and near the region
(z ≈ 1), which respectively means r ≫ rc and r ≈ rc.
Moreover, the radial function r(x) defined above can be
explicitly written as
r2(x) =
x2 +
√
x4 + 4r4c
2
(21)
which is a key element in characterizing these solutions.
The geometry encoded in (15) describes a spacetime
which resembles the Reissner-Nordstro¨m (RN) solution
of the Einstein-Maxwell field equations of GR as long as
r ≫ rc. This follows from the expansion of G(z) ≃ −1/z
for z ≫ 1, in such a way that Ω± ≃ 1 and
A(x) ≈ 1− rS
r
+
r2q
2r2
. (22)
It should be noted that the smallness of the corrections
induced by the Ω± functions implies that the standard
GR description is valid all the way down to r & 2rc,
with noticeable deviations with respect to the RN solu-
tion found only within the region r . 2rc. The metric
function at r = rc behaves as
lim
r→rc
A(x) ≈ Nq
4N ǫc
(δ1 − δc)
δ1δc
√
rc
r − rc +
1
2
(
1− Nq
N ǫc
)
+ O
(√
r − rc
)
. (23)
We have defined the number of charges as Nq = q/e,
where e is the proton charge, and introduced the constant
N ǫc ≡ Nclǫ/lP , where lP =
√
~G/c3 is the Planck length
and Nc ≡
√
2/αem ≈ 16.55 is a constant (with αem the
fine structure constant), which will play an important
role later. This expansion manifests a strong deviation
with respect to the GR behavior. In this region, one finds
that the radial function r(x) defined by Eq. (21) cannot
become smaller than rc (corresponding to x = 0), where
it bounces off to another region of spacetime [see Fig. 1].
Thus, the innermost region of these electrically charged
objects, which in GR ends up in a point-like singularity at
r = 0, now becomes replaced by a wormhole structure for
all values of the charge-to-mass ratio δ1, with a spherical
throat of area 4πr2c . When the charge vanishes, q = 0, the
wormhole throat closes and the geometry (15) describes
a standard Schwarzschild black hole, so that Born-Infeld
gravity (13) reduces to GR in vacuum.
Whether the wormhole is covered by a horizon or not
depends on the charge-to-mass ratio δ1, yielding three
different structures [49, 50]
• δ1 > δc: This is essentially similar to the standard
Reissner-Nordstro¨m solution of GR, in that there
may be two, one (degenerate) or no horizons on
each side of the wormhole.
• δ1 < δc: A single (non-degenerate) horizon always
exists on each side of the wormhole, resembling the
Schwarzschild black hole.
Figure 1. Representation of the radial function r(x) (for
rc = 1, 2, 3 dashed blue, dotted red and dotted-dashed green,
respectively), measured in units of rc. The wormhole throat
is located at x = 0, where the area of the 2-spheres reaches
a minimum and bounces off to another region of spacetime.
Note that a few rc units away from the wormhole throat the
radial functions quickly converges to the behaviour of the
standard Reissner-Nordstro¨m solution, r ≈ |x| (straight solid
black line).
• δ1 = δc: This configuration exhibits a single hori-
zon (on each side) which disappears if Nq < N
ǫ
c .
For these configurations the metric at r = rc is
finite (i.e. Minkowskian-like).
It should be noted that for macroscopic objects (Nq ≫
N ǫc ) the location of the event horizon is essentially the
same as in the Reissner-Nordstro¨m solution of GR, rh ≈
(rS+
√
r2S − r2q)/2. Only for microscopic solutions (Nq ∼
N ǫc ) do we find the qualitative differences of the above
classification.
B. Energy conditions
Let us now assume that the line element (15) is a so-
lution of Einstein’s equations coupled to a certain fluid:
Gµν(g) = κ
2τµν , recalling that τµν is the effective stress-
energy tensor. As emphasized above, in such a reinter-
pretation of the theory, it should not come as a surprise
the existence of matter-energy sources in which Tµν sat-
isfies the energy conditions, while τµν does not [48]. Let
us apply such a procedure to the spacetime metric (15).
The components of the effective stress-energy tensor
can be written as
τµν = diag(−ρeff ,−τeff , peff , peff) , (24)
where ρeff is the effective energy density, τeff is the effec-
tive radial tension, and peff are the effective transverse
pressures. Note that this carries the implicit assumption
that the effective stress-energy tensor can be cast in a
diagonal form, which is reasonable (and can be explic-
itly verified) given the fact that the extra matter-energy
7sources appearing in the corresponding field equations
are functions of the (diagonal) stress-energy tensor of the
electromagnetic field (see Eq. (8) as an example).
In order to follow the standard representation of the
wormhole geometry for a static spherically symmetric
spacetime [4, 5], we first use the change of coordinates
dx/dz = Ω+/Ω
1/2
− in Eq. (20) to rewrite the line element
(15) in a more canonical form as
ds2 = −A(x)dt2 + 1
A(x)Ω−
dz2 + z2(x)dΩ2 . (25)
In the standard representation of wormhole geometries
the radial coordinate z2 = z2(x) is assumed to bounce off
at x = 0. In the case considered here, this condition is
not imposed but, rather, it is naturally achieved by virtue
of the geometry described in the previous section and, in
particular, by Eq. (21), which arises from the resolution
of the corresponding field equations. Note that the use of
z(x) as a radial coordinate is subjected to the important
restriction that this is only valid in those regions where
z(x) is a monotonic function.
Comparing the line element (25) with that of the stan-
dard wormhole one, Eq. (10), one simply needs to intro-
duce the identifications
Φ˜ =
1
2
log(A(x)) , (26)
b˜(z) = z(1−A(x)Ω−) , (27)
where we have defined dimensionless variables b˜(z) =
b(z)/rc and Φ˜(z) = Φ(z)/rc, for consistency in the no-
tation. Now, one just needs to replace the stress-energy
tensor (24) into the Einstein field equations to obtain
ρ˜ ≡ r2cρeff =
db˜/dz
z2
, (28)
τ˜ ≡ r2cτeff =
b˜(z)
z3
− 2
(
1− b˜(z)
z
)
dΦ˜/dz
z
, (29)
p˜ ≡ r2cpeff =
(
1− b˜(z)
z
)[
d2Φ˜
dz2
+
dΦ˜
dz
(
dΦ˜
dz
+
1
z
)]
− 1
2z2
(
db˜
dz
z − b˜(z)
)(
dΦ˜
dz
+
1
z
)
, (30)
and the framework is ready to study the matter source
threading these wormholes in the context of GR.
Among the spectrum of solutions of our theory, let us
just focus on traversable wormholes, which correspond to
i) solutions with δ1 = δc and Nq < N
ǫ
c , and ii) solutions
with δ1 > δc and no horizons (naked configurations).
This way, we insert the spacetime metric (15) into
the set of equations (28)-(30) with the definitions above,
and solve them to obtain the components of the effec-
tive stress-energy tensor (24) defining the matter source.
One then obtains involved expressions for all such com-
ponents but, nonetheless, we are just interested in exact
expressions in the far limit, r ≫ rc (equivalently, z ≫ 1
or x ≫ 0), and close to the center, r = rc (equivalently,
z = 1 or x = 0). At far distances, one gets
ρ˜(r ≫ rc) = τ˜(r ≫ rc) = p˜(r ≫ rc) ≃ Nq
N ǫcx
4
. (31)
Reverting the notation, this is just the familiar result
ρ˜(r ≫ rc) = τ˜ (r ≫ rc) = p˜(r ≫ rc) ≃ q
2
r4
, (32)
which are the energy, tension and pressure of the Maxwell
field supporting the standard Reissner-Nordstro¨m solu-
tion, in agreement with the recovery of this solution in
the far limit. This implies that for these solutions no
violation of the energy conditions occur for far distances.
Close to the spherical surface r = rc (or z = 1), where
x = 0 (see Eq. (21)), the expansion of the components of
the stress-energy tensor yields the result
lim
x→0
ρ˜ ≈ −Nq(δ1 − δc)
N ǫc δcδ1|x|
+
(
2Nq
N ǫc
− 1
)
+O(x2) , (33)
lim
x→0
τ˜ ≈ Nq(δ1 − δc)
N ǫcδcδ1|x|
+ 1− 2Nq(δ1 − δc)
N ǫc δcδ1
|x|+O(x2) ,(34)
lim
x→0
p˜ ≈ 2Nq(δ1 − δc)
N ǫc δcδ1|x|3
− Nq(δ1 − δc)
N ǫc δcδ1|x|
(35)
+
(
2− 5Nq
3N ǫc
)
+O(x2) .
To further interpret these results let us bring to our pre-
vious discussion the standard classification of the energy
conditions. From among the four (null, weak, strong and
dominant energy conditions) we are mostly interested in
the NEC, because its violation implies the violation of all
the others. Since the matter stress-energy tensor has the
form given by Eq. (12), the NEC implies that
ρ˜+ p˜j ≥ 0, ∀j = 1, 2, 3 , (36)
where p˜1 = −τ˜ and p˜2 = p˜3 = p˜. To study this condition,
we observe that around the wormhole throat
lim
x→0
(ρ˜− τ˜ ) ≃ −2Nq(δ1 − δc)
N ǫc δcδ1|x|
+ 2
(
Nq
N ǫc
− 1
)
+O(x) ,
(37)
and thus it is clear that for horizonless remnants, δ1 = δc
and Nq < N
ǫ
c , the first term is zero and the leading
order term becomes negative at the wormhole throat,
limx→0(ρ˜− τ˜) < 0. As depicted in Fig. 2, this means that
the NEC is violated in a small region around x = 0. The
fact that only exotic matter can support these geome-
tries is in complete agreement with the standard wisdom
of wormholes within GR. Note that whether the energy
density becomes negative, ρ˜ < 0, or not, depends on ad-
ditional constrains upon the number of charges Nq, as
can be seen from the comparison between Figs. 2 and 3.
In Fig. 4 we illustrate how the energy density near the
wormhole throat changes sign as the number of charges
8Figure 2. Graphical representation of the components ρ˜ (blue
dotted), τ˜ (red thin dashed) and p˜ (green dashed-dotted) of
the stress-energy tensor (24) as a function of x for regular
horizonless solutions (δ1 = δc) with Nq = N
ǫ
c , which repre-
sents the transition case where the horizon disappears. At
large distances all these components reduce to those of the
Reissner-Nordstro¨m case (black thick dashed, upper curve in
this figure), Nq/(N
ǫ
cx
4) [see Eq. (31)]. The solid black line
(lower curve in this figure) represents ρ˜− τ˜ < 0, which means
that the NEC is violated near the wormhole throat.
Figure 3. Same notation and curves as in Fig. 2, for δ1 = δc
now with Nq = N
ǫ
c/2 (for lǫ = lP ). Here the NEC is violated
because ρ˜− τ˜ < 0 (solid black). Note also that though ρ˜ < 0
near the throat, far away it becomes positive (ρ˜ ≈ q2/r4).
decreases from its critical value N ǫc . It should be noted
that this figure represents the (dimensionless) energy
density ρ˜, which hides a certain dependence on the num-
ber of charges Nq. The effect of this dependence is rel-
evant, as ρeff ∼ ρ˜/Nq, thus implying that the energy
density becomes very negative as Nq → 0. Note also
that the x-axis should also be rescaled to account for the
dependence on Nq, which leads to x→ xN1/2q . Thus, the
region where the energy density becomes very negative
is also restricted to a tiny region near the throat. In the
limit Nq → 0 then one finds that this region is of zero
size, which is consistent with the fact that without elec-
tric charge there is no wormhole and the Schwarzschild
solution is recovered.
For configurations with δ1 > δc the existence or ab-
sence of horizons depends on the charge-to-mass ratio,
which should be large (more charge than mass in certain
Figure 4. Representation of ρ˜ for different values of Nq. The
upper curve corresponds toNq = N
ǫ
c and the lower toNq → 0.
The middle curves represent, respectively, Nq > N
ǫ
c/2, Nq =
Nǫc/2 and Nq < N
ǫ
c/2 and illustrate how the energy density at
the throat changes its sign as the number of charges decreases
(in a continuum way).
units). Nonetheless, it is clear from Eqs. (33) and (37)
that the NEC will be violated because limx→0(ρ˜− τ˜) < 0
(and one always has limx→0 ρ˜ < 0). When the GR solu-
tions are a good approximation, the absence of horizons
translates into the condition 2r2q/r
2
S > 1 which, know-
ing that δ1 = (Nq/N
ǫ
c )δ2, can be written as (δ1/δc) &√
Nq/N ǫc . In Fig. 5, we plot a particular case with
δ1 = δc+0.3 and Nq = N
ǫ
c +10, which satisfies the above
no-horizons constraint. There it is seen that the NEC is
violated around the throat by an infinite amount, which
is in contrast with the finite violation achieved in the
δ1 = δc cases. By completeness, we also point out that
the flaring-out condition can be numerically checked to
be satisfied both in the δ1 > δc and δ1 = δc cases above.
Figure 5. Same notation and curves as in Fig. 2, now
with δ1 = δc + 0.3 and Nq = N
ǫ
c + 10, corresponding
to Reissner-Nordstro¨m-like configurations without horizons
(naked). Note that the NEC is violated because ρ˜ − τ˜ < 0
(solid black line) around the wormhole throat x = 0. Here ρ˜
and τ˜ diverge as 1/|x| when |x| → 0.
From our analysis it is clear that the emergence of the
wormhole structure from the prism of GR is related to
the deviations that the stress-energy tensor suffers with
respect to that of a Maxwell field as the innermost re-
9gion r = rc is approached. This is so because the sym-
metry satisfied by the stress-energy tensor characterizing
electromagnetic fields, namely, Tt
t = Tr
r and Tθ
θ = Tϕ
ϕ
cannot support wormhole solutions in the context of GR,
even for non-linear electromagnetism [59]. Thus, one is
forced to consider exotic sources of matter to generate
the wormhole. Alternatively, one can reconsider this sce-
nario and interpret these wormholes as emerging out of
modified gravity effects, in which case electromagnetic
fields (either Maxwell or non-linear [60]) with Tt
t = Tr
r
and Tθ
θ = Tϕ
ϕ but τt
t 6= τrr and τθθ 6= τϕϕ can naturally
sustain them without violation of the energy conditions.
Note that in all cases the typical size of the region
where these violations of the energy conditions occur is
determined by the scale rc =
√
rqlǫ = lǫ
√
2Nq/N ǫc (ob-
serve that the x-scale and the vertical scale in Figs. 2–3
are both measured in units of rc). This implies that vio-
lations of the energy conditions are restricted to a region
of order
√
lP lǫ which may grow with the charge as N
1/2
q
(recall that N ǫc ≈ 16.55lǫ/lP ). Thus, unless lǫ be much
greater than lP and/or one considers huge amounts of
charge, the size of this region will typically be very small.
Let us stress that though curvature divergences may
arise at the wormhole throat rc, these wormholes are
geodesically complete for all spectra of mass and charge
and physical observers can safely traverse them [61]. This
should not come as a surprise since the same feature is
quite common in the thin-shell approach discussed above.
V. f(R) WORMHOLES
For the discussion of this type of wormholes, we restrict
ourselves to quadratic f(R) models of the form 1
S =
1
2κ2
∫
d4x
√−g(R− λR2) + Sm(gµν , ψm) , (38)
where λ is a constant with dimensions of length squared.
The matter sector is represented by an anisotropic fluid
whose stress-energy tensor reads
T µν = diag(−ρ,−ρ, αρ, αρ) , (39)
where 0 ≤ α ≤ 1 is necessary to satisfy the energy con-
ditions. This type of fluids has been recently considered
in order to investigate the existence of wormhole solu-
tions in several extensions of GR [29]. Note that the case
α = 1 corresponds to a standard Maxwell field, which has
a vanishing trace for Tµ
ν . Due to the fact that only mat-
ter sources with a nonzero trace can excite the dynamics
of Palatini f(R) gravity, we shall be concerned here with
1 This model was originally introduced by Starobinsky [62]. In this
section we focus on the choice λ > 0 for which wormhole solutions
have been obtained in the literature, though wormholes for λ < 0
are also possible [63].
the cases α 6= 1. Let us also point out that some mod-
els of non-linear electrodynamics have the same structure
(39) in their stress-energy tensor.
A. Wormhole geometry
The solutions of this gravity-matter system are char-
acterized by the following line element, suitably adapted
to our problem [32]:
ds2 = −A(z)dt2+ 1
A(z)f3R
(
1 +
α
z2+2α
)2
dz2+z2(x)dΩ2 ,
(40)
where z = r/rc is now defined in terms of r
2+2α
c = 1 −
(4λ)κ2(1−α)C (C is a dimensional integration constant
such that the energy density reads ρ(x) = C/r(x)2+2α)
and the metric function can be obtained in closed ana-
lytical form as
A(z) =
(
1− 1 + δ1Gα(z)
δ2zf
1/2
R
)
f−1R , (41)
with fR = 1 − z−(2+2α), where we have defined the fol-
lowing constants: δ1 = r
3
c/(8λM0) and δ2 = rc/(2M0).
The function Gα(z) is given by
Gα(z) =
z−4α−1
2(α− 1)(2α− 1) ×
×
[
z2α+2
√
1− z−2(α+1) (2α2 + α+ 2z2α+2 − 3)
(z2α+2 − 1) 2(α− 1)(2α− 1)
−
8α
(
α2 − 1) 2F1 ( 12 , 4α+12α+2 ; 6α+32α+2 ; z−2(α+1))
(4α+ 1)

 ,(42)
where 2F1 (a, b, c; y) is a hypergeometric function andM0
is the Schwarzschild mass. Note that the expression for
Gα(z) is valid as long as α 6= 1 and α 6= 1/2, in which
cases different expressions are found [see [32] for details].
Like in the previous case, the wormhole structure is
manifest from the behaviour of the radial function r(x),
which satisfies the equation
dz
dx
=
f
1/2
R(
1 + αz2+2α
) ⇒ x = z
√
1− 1
z2+2α
, (43)
which could be used to rewrite the geometry (40) with x
as the radial coordinate, similarly as in Eq. (15) of the
Born-Infeld gravity wormholes. Far from the center, z ≫
1, one recovers r ≃ x, in agreement with the fact that
the corrections to GR vanish there. Close to the center
z ≈ 1 (where r = rc or x = 0), one finds that the radial
function reaches a minimum and bounces off, similarly
to what was found in the previous section, though in this
case a closed expression for z(x) is not easy to obtain for
generic α. Nonetheless, in Fig. 6 we have numerically
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Figure 6. Behaviour of the radial function z(x) in the f(R)
gravity case, obtained from Eq. (43), for the cases α =
1/10, 1/3, 3/4 (dashed blue, dotted red and dotted-dashed
green, respectively)). At x ≫ 1 the function z2(x) ≃ x2
and the GR behaviour is restored (straight solid black line).
Observe the bouncing behaviour of all these curves at x = 0.
integrated the relation (43), where we see the expected
bouncing behavior.
Following the definitions introduced above, the shape
function b˜(z) characterizing the wormhole is now written
as
b˜(z) = z
(
1− A(z)f
3
R(
1 + αz2+2α
)2
)
, (44)
while the redshift function Φ˜(z) is still formally given by
Eq. (26), now with the set of definitions (41)–(42).
For arbitrary α, a series expansions both at z →∞ and
as z ≃ 1 yield long expressions, which are of little use for
our purposes. Therefore we shall consider a particular
case, say α = 3/4, to illustrate the analysis. First, we
note that the asymptotic behavior of the metric becomes
A(z) ≈ 1− δ2
z
+
8δ1
δ2z3/2
+O
(
1
z7/2
)
, (45)
whose fall off is governed by the standard Schwarzschild
mass term δ2/z, and is asymptotically flat. Note that
the charge term contribution has been softened, from the
∼ 1/z2 contribution of the Reissner-Nordstro¨m space-
time, to the ∼ 1/z3/2 of the present case. Indeed, this is
a general property of all these models with 1/2 < α < 1,
whereas those with 0 < α < 1/2 are still asymptotically
flat, but governed by the “charge” term instead of the
Schwarzschild mass term. This is in agreement with the
fact that the stress-energy tensor of the fluid given by
Eq. (39) can also be reproduced by non-linear theories of
electrodynamics with Lm = X
α, where X = − 12FµνFµν ,
and those models with 0 < α < 1/2 have been found to be
asymptotically flat but not Schwarzschild-like (anoma-
lous models [64]). Note that, as opposed to the Maxwell
case, LM = X , the trace of such models is non-vanishing,
which allows to excite the non-linear dynamics driven by
the f(R) gravity [since in these models R = −κ2T ].
B. Energy conditions
Using Eq. (45) above, one can get the asymptotic be-
havior of the energy density and the pressures, namely
ρ˜(z ≫ 1) ≈ 4δ1
δ2
1
z7/2
− 35
4
1
z11/2
+O
(
1
z13/2
)
, (46)
τ˜ (z ≫ 1) ≈ 4δ1
δ2
1
z7/2
+ 7
1
z11/2
+O
(
1
z13/2
)
, (47)
p˜(z ≫ 1) ≈ 3δ1
δ2
1
z7/2
+
49
4
1
z11/2
+O
(
1
z13/2
)
. (48)
To first order we recover the GR expressions, which
satisfy the energy conditions. This contrasts with the
higher-order corrections generated by the f(R) dynam-
ics, which violate the NEC as ρ˜(z ≫ 1)− τ˜ (z ≫ 1) < 0.
From our definitions, one verifies that such corrections
are highly suppressed by a factor ∼ (λκ2C)11/7/r11/2.
Thus, for sufficiently small values of the length squared
scale λ such asymptotic violations of the energy condi-
tions would lie far beyond experimental reach.
In the opposite limit, near the wormhole (now we ex-
pand around the wormhole throat located at z = 1 in-
stead of x since, as mentioned above, it is not possible to
obtain a closed expression z = z(x)), we find
lim
z→1
ρ˜ ≈ 1− 4δ1
δ2
+
3
(
8− 21
√
πΓ[ 15
7
]δ1
Γ[ 23
14
]
)
2
√
14δ2
(z − 1)1/2
+O(z − 1) , (49)
lim
z→1
τ˜ ≈ 1 + 8δ1
δ2
−
3
(
8− 21
√
πΓ[ 15
7
]δ1
Γ[ 23
14
]
)
2
√
14δ2
(z − 1)1/2
+O(z − 1) , (50)
lim
z→1
p˜ ≈ 6δ1
δ2
1
(z − 1) −
3
(
8− 21
√
πΓ[ 15
7
]δ1
Γ[ 23
14
]
)
4
√
14δ2
1
(z − 1)1/2
+O(z − 1) , (51)
where Γ[a] is Euler’s gamma function. From these ex-
pressions it is immediately seen that limz→1(ρ˜ − τ˜ ) < 0
and thus the NEC is violated regardless of the values of
the constants δ1 and δ2 characterizing the solutions. In
addition, when δ1/δ2 > 1/4 one has that limz→1 ρ˜ < 0.
In Fig. 7, the different components of the stress-energy
tensor are plotted for the case δ2 = 4δ1 and δ1 = 10, in
which one can numerically check the absence of horizons
and thus we are dealing with traversable wormholes. In
this plot we observe a bounded violation of the NEC near
the throat, similarly to what was found in the δ1 = δc
configurations of the Born-Infeld gravity theory studied
in the previous section. In addition, one can numerically
check that the flaring-out condition is satisfied for these
wormhole geometries.
Let us stress that, like in the Born-Infeld gravity case,
for the existence of these wormhole solutions it is not
enough to have a non-linear electrodynamics source. This
follows from the fact that in GR no wormholes sup-
ported by this kind of matter source are allowed [59].
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Figure 7. Same notation and curves as in Fig. 2, now for the
f(R) gravity case with α = 3/4 and parameters δ2 = 4δ1 and
δ1 = 10, for which no horizons are present. Note that the
NEC is violated as limx→0(ρ˜ − τ˜) < 0 (solid black) around
the wormhole throat z = 1. Note that though ρ˜ < 0 near the
throat, far away it becomes positive recovering the GR limit.
Indeed, as follows from Eqs. (49)–(51) the effective stress-
energy tensor that sources our wormholes does not have
the symmetries of nonlinear theories of electrodynamics,
namely, τ tt 6= τxx and τθθ 6= τϕϕ , due to the presence of λ-
corrections. When λ vanishes, the wormhole throat closes
and one recovers the GR results. Note that the preceding
discussion could be further extended to include other the-
ories of (non-linear) electrodynamics, where wormholes
have been recently found [31].
VI. CONCLUSION AND DISCUSSION
In this work, we have presented two classes of
traversable wormhole spacetimes which are supported by
a single matter source given in the action from which
the geometry is derived and turns out to be well-defined
everywhere. These spacetimes are exact solutions of cer-
tain extensions of GR including higher-order powers and
contractions of the Ricci tensor, and formulated in the
Palatini approach. Here we have shown that they can
also be interpreted as exact solutions of GR with a mod-
ified or effective stress-energy tensor. We stress that
these solutions are not constructed as a result of the stan-
dard reverse-philosophy in general relativistic wormhole
physics, but instead directly arise from well-defined ac-
tions. Indeed, these features have been obtained not as a
consequence of any designer or engineering process but as
the result of a direct derivation from well motivated grav-
itational actions. The keystone seems to be the Palatini
framework where the original theories were formulated.
From the GR viewpoint, we have found that the gen-
eralized energy conditions for wormholes coming from
Born-Infeld and f(R) gravity are violated at/near the
wormhole throat, which is in perfect agreement with the
current knowledge of wormholes physics. Although the
kind of matter source, needed to sustain a wormhole from
this point of view, is quite peculiar, it is confined in a
restricted region around the wormhole throat and more
important it does not seem to be in contradiction with
any fundamental physics principle. However, from the
modified gravity side there is a straightforward way to
reformulate the standard view by describing a wormhole
spacetime actually threaded by ordinary matter but sup-
ported by the novel gravitational effects attached to the
particular extended gravity and whose size is determined
by a fundamental length scale, which in turn defines the
size of the violations of the energy conditions from the
GR viewpoint. Certainly, the properties or the behavior
of matter could be dependent on the theoretical frame-
work adopted. Therefore, it is an overriding issue to keep
exploring alternative theories of gravity. The Palatini
approach is indeed an encouraging new perspective by
making possible to deal with the problem of singularities
by replacing them with microscopic wormholes sustained
by ordinary matter.
In summary, the wormhole spacetimes presented in this
work arise in a more natural (less artificial) way in Pala-
tini formalism where metric and connection are assumed
as independent dynamical variables. This novel approach
may bring up new avenues to enlarge our knowledge
of wormhole physics, offer new insights for constructing
wormhole solutions in the context of GR, and find rea-
sonable scenarios where they might take place.
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